Introduction {#S0001}
============

Lung cancer is the leading cause of cancer-related deaths around the world, and non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases.[@CIT0001] Recently, great advancements have been made in the diagnostic and therapeutic methods; however, due to high rates of metastasis and recurrence, the clinical outcomes of NSCLC patients remain dismal.[@CIT0002] Accordingly, there is an urgent need to explore the molecular mechanisms of NSCLC and identify potential therapeutic targets.

More than 90% of human genome is made up of non-coding RNA (ncRNAs).[@CIT0003] Circular RNAs (circRNAs), a novel class of ncRNAs that widely exist in almost all eukaryotic cells, are featured by their covalently closed-loop structures with neither 5ʹ to 3ʹ polarity nor polyadenylated tail.[@CIT0004] Many circRNAs have cell-type specific expression and are linked to various pathophysiological processes. In particular, they can either function as oncogenic stimuli or tumor suppressors in cancer.[@CIT0005] As a novel circRNA that has just been identified, circMYLK was reported to be highly expressed and closely associated with tumor progression in bladder cancer,[@CIT0006] prostate cancer[@CIT0007] and hepatocellular carcinoma.[@CIT0008] In this study, we aimed to investigate the functional role of circMYLK and the underlying mechanisms in NSCLC.

Materials and Methods {#S0002}
=====================

Patients and Tissue Samples {#S0002-S2001}
---------------------------

NSCLC tissues and matched adjacent normal tissues were obtained from 103 patients who underwent surgery at Chongqing University Cancer Hospital (Chongqing, China). All patients did not receive any radiotherapy or chemotherapy before surgery. The fresh samples were immediately frozen in liquid nitrogen and stored at −80°C until further use. This study was approved by the Ethics Committee of Chongqing University Cancer Hospital, and written informed consent was obtained from all subjects.

Cell Culture and Cell Transfection {#S0002-S2002}
----------------------------------

NSCLC cell lines (H23, A549, H1299 and SPC-A1) and a normal human bronchial epithelial cell line (16HBE) were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). These cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan City, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone) and 1% penicillin/streptomycin at 37°C in a humidified incubator with 5% CO~2~.

The small interfering RNAs (siRNAs) targeting circMYLK (si-circMYLK) and GLUT3 (si-GLUT3), the negative control siRNA (si-NC), miR-195-5p mimic and the scrambled mimic control (miR-NC) were designed and synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The synthesized circMYLK or GLUT3 gene fragment was inserted into pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) to gain the circMYLK-overexpression or GLUT3-overexpression plasmid. An empty vector was used as a negative control. Cells were cultured to 70--80% confluence, and cell transfection was then performed using Lipofectamine 2000 (Invitrogen).

RT-qPCR Analysis {#S0002-S2003}
----------------

Total RNA from tissues or cells was extracted using TRIzol reagent (Invitrogen), and cDNAs were synthetized by the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). Thereafter, qPCR analysis was performed using the SYBR Premix Ex Taq II kit (TaKaRa) on an iCycler iQ™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The relative gene expression was calculated using the 2^−ΔΔCt^ method.[@CIT0009] GAPDH or U6 was used as an internal reference.

MTT Assay {#S0002-S2004}
---------

Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-2H-tetrazoliumbromide (MTT) assay. Cells were seeded in 96-well plates at a density of 5×10^3^ cells/well, and cultured for 24--96 h. Then, 20 µL MTT (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) solution was added to each well. After incubation for an additional 4 h at 37°C, the insoluble formazan was dissolved in DMSO, and the absorbance of each well was measured at 570 nm using an ELx808 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Colony Formation Assay {#S0002-S2005}
----------------------

Cells were seeded in each well of a 6-well plate at a density of 500 cells/well. After 14 days of incubation, the colonies were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet.

Transwell Assay {#S0002-S2006}
---------------

Cells suspended in 200 μL serum-free medium were added into the upper chamber of transwell plates (8 μm pore size; Corning Inc., Corning, NY, USA). The lower chamber was filled with medium containing 10% FBS. After 48 h, the cells on the upper surface were removed using cotton swabs, whereas the cells on the lower membrane surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The number of stained cells was counted under a microscope.

Western Blot Analysis {#S0002-S2007}
---------------------

Cells were lysed with RIPA lysis buffer (Beyotime, Shanghai, China). Equal amounts of protein samples were separated by SDS-polyacrylamide gel electrophoresis, and then transferred onto PVDF membranes (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk, the membranes were incubated with primary antibodies at 4°C overnight, followed by the incubation with HRP-conjugated secondary antibody at room temperature for 2 h. Protein bands were visualized using an enhanced chemiluminescent detection kit (Beyotime). GAPDH served as a loading control.

Measurement of Glucose Consumption and Lactate Production {#S0002-S2008}
---------------------------------------------------------

The levels of glucose and lactate were measured using a glucose assay kit (BioVision, Milpitas, CA, USA) and a lactate assay kit (BioVision), respectively. Glucose consumption and lactate production were calculated based on the standard curve.

Dual-Luciferase Reporter Assay {#S0002-S2009}
------------------------------

The wild-type and mutant binding sites of miR-195-5p in circMYLK sequence or GLUT3 mRNA were amplified by PCR and cloned into the psiCHECK-2 vector (Promega, Madison, WI, USA). Cells were placed into a 24-well plate, and then co-transfected with the luciferase reporter vectors and miR-195-5p mimic or miR-NC using Lipofectamine 2000. After 48 h, the luciferase activity was detected using the Dual-Luciferase Reporter Assay System (Promega).

Statistical Analysis {#S0002-S2010}
--------------------

All statistical analysis was performed by GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, USA) and SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). All continuous variables were presented as the mean ± standard deviation (SD). The differences between groups were analyzed by Student\'s *t*-test or one-way ANOVA followed by Tukey\'s test. Survival curves were generated by Kaplan-Meier analysis and compared using Log-rank test. *P* values were calculated and those less than 0.05 were considered significant.

Results {#S0003}
=======

circMYLK Is Up-Regulated in NSCLC Tissues and Cell Lines {#S0003-S2001}
--------------------------------------------------------

The expression levels of circMYLK were markedly higher in NSCLC tissues compared with those in adjacent normal tissues, as indicated by RT-qPCR analysis ([Figure 1A](#F0001){ref-type="fig"}). Consistently, compared to the normal 16HBE cells, circMYLK expression was also notably increased in NSCLC cell lines (H23, A549, H1299 and SPC-A1) ([Figure 1B](#F0001){ref-type="fig"}).Figure 1circMYLK is up-regulated in NSCLC tissues and cell lines. (**A**) The expression levels of circMYLK in 103 pairs of NSCLC tissues and adjacent normal tissues, detected by RT-qPCR analysis. (**B**) The expression levels of circMYLK in NSCLC cell lines and normal 16HBE cells. \**P*\<0.05 vs normal tissues or 16HBE cells. (**C**) Association of circMYLK expression with overall survival of NSCLC patients.

We further discussed the clinical signiﬁcance of circMYLK in NSCLC. According to the median circMYLK expression level, these NSCLC patients were then allocated into two groups, including high expression group (n=45) and low expression group (n=58). As shown in [Table 1](#T0001){ref-type="table"}, higher expression of circMYLK was significantly associated with larger tumor size (*P*=0.022) and advanced TNM stage (*P*=0.015) of NSCLC patients. Then, we performed survival analysis and found that NSCLC patients with higher circMYLK expression presented a significant poorer overall survival ([Figure 1C](#F0001){ref-type="fig"}).Table 1Relationship Between circMYLK Expression and Clinicopathological Characteristics of NSCLC Patients (n=103)CharacteristicsTotal NumbercircMYLK Expression*P* valueHigh (n=45)Low (n=58)Age (years)0.313 \<60401525 ≥60633033Gender0.395 Male713338 Female321220Smoking history0.559 Yes472225 No562333Histology type0.585 Adenocarcinoma612833 Squamous421725Tumor size (cm)0.022 \<3612140 ≥3422418TNM stage0.015 I--II642242 III--IV392316Lymph nodes metastasis0.143 Yes582929 No451629

circMYLK Promotes Glycolysis and Proliferation of NSCLC Cells {#S0003-S2002}
-------------------------------------------------------------

We then investigated the effects of circMYLK on the biological behaviors of NSCLC cells. circMYLK was knocked down in A549 cells and overexpressed in H1299 cells ([Figure 2A](#F0002){ref-type="fig"}). Knockdown of circMYLK in A549 cells led to a marked decrease in cell proliferation rate, as indicated by MTT assay, and circMYLK overexpression accelerated the proliferation of H1299 cells ([Figure 2B](#F0002){ref-type="fig"}). Similar results were also obtained from colony formation assay ([Figure 2C](#F0002){ref-type="fig"}). Moreover, transwell assay demonstrated that circMYLK knockdown notably impaired the migration and invasion abilities of A549 cells, whereas these abilities of H1299 cells were strikingly enhanced by circMYLK overexpression ([Figure 2D](#F0002){ref-type="fig"}). Glycolysis is a key characteristic of cancer metabolism, and we further discovered that the rates of glucose consumption and lactate production were remarkably reduced in A549 cells when circMYLK was knocked down, and circMYLK overexpression had the opposite effects on these glycolytic markers in H1299 cells ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}).Figure 2circMYLK promotes glycolysis and proliferation of NSCLC cells. (**A**) The expression levels of circMYLK in A549 and H1299 cells after transfection. (**B**) The proliferation of A549 and H1299 cells after transfection, detected by MTT assay. (**C**) The colony formation ability of A549 and H1299 cells after transfection, detected by colony formation assay. (**D**) The migration and invasion of A549 and H1299 cells after transfection, detected by transwell assay. (**E**) The glucose consumption in A549 and H1299 cells after transfection, detected by a commercial kit. (**F**) The lactate production in A549 and H1299 cells after transfection, detected by a commercial kit. \**P*\<0.05 vs si-NC or empty vector-transfected cells.

circMYLK Directly Binds to miR-195-5p in NSCLC {#S0003-S2003}
----------------------------------------------

Through the Starbase database ([<http://starbase.sysu.edu.cn/index.php>]{.ul}), it was shown that circMYLK sequence might contain the complementary binding sites of miR-195-5p ([Figure 3A](#F0003){ref-type="fig"}). To confirm the prediction, dual-luciferase reporter assay was then performed, and the results showed that co-transfection of miR-195-5p mimic and the circMYLK-WT vector notably reduced the luciferase activity in A549 and H1299 cells, but mutation of the binding sites abolished the effects ([Figure 3B](#F0003){ref-type="fig"}). In addition, we also found that miR-195-5p expression was boosted by circMYLK knockdown in A549 cells while inhibited by circMYLK overexpression in H1299 cells ([Figure 3C](#F0003){ref-type="fig"}).Figure 3circMYLK directly binds to miR-195-5p in NSCLC. (**A**) The putative binding sites between circMYLK and miR-195-5p. (**B**) Relative luciferase activity in A549 and H1299 cells after transfection. (**C**) The expression levels of miR-195-5p in A549 and H1299 cells after transfection. \**P*\<0.05 vs si-NC or empty vector-transfected cells; ^\#^*P*\<0.05 vs miR-NC-transfected cells.

miR-195-5p Is Down-Regulated in NSCLC Tissues and Cell Lines {#S0003-S2004}
------------------------------------------------------------

Furthermore, we found that the expression levels of miR-195-5p were enormously decreased in NSCLC tissues, compared with normal tissues ([Figure 4A](#F0004){ref-type="fig"}), and a significant inverse correlation between the expression levels of circMYLK and miR-195-5p was also observed in NSCLC tissues (r=−0.224, *P*=0.023; [Figure 4B](#F0004){ref-type="fig"}). Besides, as shown in [Figure 4C](#F0004){ref-type="fig"}, compared to the normal 16HBE cells, miR-195-5p expression was also markedly decreased in NSCLC cell lines (H23, A549, H1299 and SPC-A1).Figure 4miR-195-5p is down-regulated in NSCLC tissues and cell lines. (**A**) The expression levels of miR-195-5p in 103 pairs of NSCLC tissues and adjacent normal tissues. (**B**) Statistical correlation between the expression levels of circMYLK and miR-195-5p in NSCLC tissues. (**C**) The expression levels of miR-195-5p in NSCLC cell lines and normal 16HBE cells. \**P*\<0.05 vs normal tissues or 16HBE cells.

miR-195-5p Blocks the Oncogenic Role of circMYLK in NSCLC Cells {#S0003-S2005}
---------------------------------------------------------------

Then, rescue experiments were performed, and as shown in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, co-transfection with miR-195-5p mimic obviously restrained the increased glucose consumption and lactate production in circMYLK-overexpressing H1299 cells. We further noticed that the promotive effects of circMYLK overexpression on the proliferation, colony formation, migration and invasion abilities of H1299 cells were also blocked by miR-195-5p restoration ([Figure 5C](#F0005){ref-type="fig"}--[E](#F0005){ref-type="fig"}).Figure 5miR-195-5p blocks the oncogenic role of circMYLK in NSCLC cells. (**A**) The glucose consumption in H1299 cells after transfection. (**B**) The lactate production in H1299 cells after transfection. (**C**) The proliferation of H1299 cells after transfection. (**D**) The colony formation ability of H1299 cells after transfection. (**E**) The migration and invasion of H1299 cells after transfection. \**P*\<0.05 vs pcDNA3.1-circMYLK+miR-NC-transfected cells.

GLUT3 Is a Direct Target Gene of miR-195-5p in NSCLC {#S0003-S2006}
----------------------------------------------------

We further searched the potential target genes for miR-195-5p using the TargetScan database ([<http://www.targetscan.org>]{.ul}) and selected glucose transporter member 3 (GLUT3) as a candidate ([Figure 6A](#F0006){ref-type="fig"}). In addition, co-transfection with GLUT3-WT and miR-195-5p mimic remarkably reduced the luciferase activity in A549 and H1299 cells ([Figure 6B](#F0006){ref-type="fig"}). Moreover, Western blot analysis showed that miR-195-5p mimic decreased the GLUT3 protein expression in A549 cells, whereas the GLUT3 protein expression was significantly repressed by miR-195-5p mimic in circMYLK-overexpressing H1299 cells ([Figure 6C](#F0006){ref-type="fig"}).Figure 6GLUT3 is a direct target gene of miR-195-5p in NSCLC. (**A**) The putative binding sites between miR-195-5p and GLUT3 mRNA. (**B**) Relative luciferase activity in A549 and H1299 cells after transfection. (**C**) The expression levels of GLUT3 protein in A549 and H1299 cells after transfection. \**P*\<0.05 vs miR-NC-transfected cells; ^\#^*P*\<0.05 vs empty vector+miR-NC-transfected cells; ^\^^*P*\<0.05 vs pcDNA3.1-circMYLK+miR-NC-transfected cells.

GLUT3 Knockdown Blocks the Oncogenic Role of circMYLK in NSCLC Cells {#S0003-S2007}
--------------------------------------------------------------------

We further observed that GLUT3 knockdown also restrained the increased glucose consumption and lactate production in circMYLK-overexpressing H1299 cells ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}), accompanied by the impairment of cell proliferation, colony formation ability, migration and invasion ([Figure 7C](#F0007){ref-type="fig"}--[E](#F0007){ref-type="fig"}). Besides, we also confirmed that the inhibitory effects of miR-195-5p mimic on the glucose consumption, lactate production, proliferation, colony formation, migration and invasion of A549 cells were effectively blocked by GLUT3 restoration.Figure 7GLUT3 knockdown blocks the oncogenic role of circMYLK in NSCLC cells. (**A**) The glucose consumption in A549 and H1299 cells after transfection. (**B**) The lactate production in A549 and H1299 cells after transfection. (**C**) The proliferation of A549 and H1299 cells after transfection. (**D**) The colony formation ability of A549 and H1299 cells after transfection. (**E**) The migration and invasion of A549 and H1299 cells after transfection. \**P*\<0.05 vs pcDNA3.1-circMYLK+si-NC-transfected cells; ^\#^*P*\<0.05 vs miR-NC+empty vector-transfected cells; ^\^^*P*\<0.05 vs miR-195-5p mimic+empty vector-transfected cells.

Discussion {#S0004}
==========

NSCLC is one of the most common types of malignancies. At present, many circRNAs were identified to play crucial roles in NSCLC progression. These circRNAs also have potential as diagnostic and prognostic biomarkers for this fatal malignancy.[@CIT0010] For example, up-regulated circARHGAP10 predicts an unfavorable prognosis in NSCLC patients.[@CIT0011] By contrast, circSMARCA5 may function as a tumor suppressor in NSCLC.[@CIT0012] In this study, we aimed to explore the functional role of circMYLK in NSCLC.

Our results first confirmed that circMYLK was drastically augmented in NSCLC tissues and cell lines, and its high expression was closely associated with deleterious clinicopathological characteristics and poor prognosis of NSCLC patients. Through a series of functional experiments, we found that circMYLK overexpression promoted, while circMYLK knockdown suppressed the proliferation, migration and invasion of NSCLC cells. Cancer cells use glucose at a high level by glycolysis, producing lactate as an end product. Glycolysis is not only essential for tumor cell growth but also critical for tumor cell migration and invasion.[@CIT0013] In this study, the role of circMYLK in promoting the glycolytic phenotype of NSCLC cells was also highlighted.

In recent years, increasing numbers of reports have found that circRNAs can directly interact with miRNAs through serving as competing endogenous RNAs (ceRNAs) or "RNA sponges", thereby reducing their inhibitory effects on target mRNAs.[@CIT0014] For example, in laryngeal squamous cell carcinoma, circMYLK serves its oncogenic role partly by sponging miR-195-5p.[@CIT0015] miR-195-5p is widely regarded as a tumor suppressor in NSCLC,[@CIT0016],[@CIT0017] and in this study, we also identified the direct binding relation between circMYLK and miR-195-5p in NSCLC. An inverse correlation between circMYLK and miR-195-5p expression in NSCLC tissues was also observed. More importantly, through rescue experiments, it was further confirmed that miR-195-5p restoration could diminish the oncogenic role of circMYLK in NSCLC cells.

Solute carriers of glucose transporter (GLUT) family regulate the first step of cellular glucose usage. The glucose transporter 3 (GLUT3) is a high-affinity glucose transporter, and its up-regulation has been reported in many cancers.[@CIT0018] It was also reported that GLUT3 contributes to glucose uptake and proliferation of NSCLC cells.[@CIT0019] In this study, GLUT3 was identified as a direct target of miR-195-5p in NSCLC, and this binding relation was also reported in bladder cancer cells.[@CIT0020] We further confirmed that GLUT3 knockdown could also block the oncogenic role of circMYLK in NSCLC cells, partly by reducing glycolysis.

In conclusion, this study identified circMYLK as an oncogenic circRNA that promotes malignant progression and glycolysis of NSCLC partly by sponging miR-195-5p and increasing GLUT3 expression. We believe that circMYLK has the potential to be a prospective therapeutic target for NSCLC patients.
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